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We describe a "high-pressure" liquid-chromatographic method for separating all the porphyrins in the heme biosynthetic pathway. The preliminary extraction and purif ication method is such that only erythrocyte porphyrins with fewer than five carboxyl groups, which includes protoporphyrin and the much smaller amount of coproporphyrin present, are measured. The porphyrins extracted from erythrocytes are chromatographically separated by use of a simple eluent system and fluorometrically detected.
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Protoporphyrin and coproporphyrin are present in normal human erythrocytes.
Protoporphyrin IX and the reduced form of coproporphyrin, coproporphyrinogen, are both intermediates in heme biosynthesis.
Normally they are present in very small amounts:
the molar ratio of protoporphyrin to heme in the circulating erythrocytes is about 1:30 000, and coproporphyrin comprises only 5% or less of the total porphyrin in erythrocytes.
In some circumstances the amounts of the erythrocyte porphyrins may be increased or decreased, reflecting disturbances in heme biosynthesis. The best-known disturbances that increase the amount of erythrocyte protoporphyrin are lead intoxication iron-deficiency anemia (1-5), and erythropoietic protoporphyria (6) (7) (8) . In some cases of sideroblastic anemia, erythrocyte protoporphyrin may be decreased and coproporphyrin increased (9, 10) . It has been claimed that the concentration of coproporphyrin in the erythrocyte is more closely connected to the rate of heme biosynthesis than is the protoporphyrin concentration and, accordingly, a better correlation should exist between the percentage of reticulocytes and the quantity of coproporphyrin (11) . However, it is evident that there are only a few disease states in which increased erythrocyte coproporphyrin values are seen. These include, e.g., congenital erythropoietic porphyria (6), hereditary coproporphyria (6), and sideroblastic anemia (10 (14, 15) .
Here we describe a "high-pressure" liquid-chromatographic method with which erythrocyte porphyrins can be quantitatively separated from one another. This method is more specific than the solvent-partition methods used before and is sensitive enough to be used in the study of erythrocyte porphyrin metabolism in general. 
Materials and Methods
Apparatus
Procedures
The chromatographic procedure.
For the chromatographic analyses we used a solvent system with two solutions, A and B, in a gradient system. Solution A was methanol/water/glacial acetic acid (6/4/1, by vol) and B was methanol/glacial acetic acid (10/1, by vol) (18) .
In the course of a gradient run the percentage of solvent B increases from 0 to 100% and the methanol concentration thus increases from 55 to 91%. In this "reversed-phase" liquid-chromatographic gradient system the most polar porphyrin will be eluted first and the least polar porphyrin last. The solvents were degassed in the ultrasonic bath under reduced pressure (water pump) before use. In the gradient system the flow rate was 1 mL/min. The final conditions were reached in 10 mm. 
Results and Discussion
Separation of the six component porphyrmns of the standard mixture is good, almost complete ( Figure 1 ). The porphyrins are eluted from the column in order of decreasing polarity. The most polar porphyrin, uroporphyrmn (with eight carboxyl groups), is thus eluted first and mesoporphyrmn (with only two carboxyl groups) last. The amount of each porphyrin injected onto the column was 50 pg. The elution times for uroporphyrmn, coproporphyrmn I, and mesoporphyrmn IX were 4.5,9.0, and 12.5 mm (elution volumes 4.5,9.0, and 12.5 mL), respectively. The solvent-extraction system used in this study, however, only makes possible the measurement of porphyrmns with fewer than five carboxyl groups. Measurement of erythrocyte uroporphyrin and other porphyrins with at least five carboxyl groups requires that the protein residue and the saturated sodium acetate washing should be processed further according to Rimington (19) . To prove this, we did an experiment in which to a known erythrocyte sample a known amount of the standard porphyrin mixture was added. Only mesoporphyrin, coproporphyrmn, and about 25% of 5-carboxyl porphyrin were detected in the final sample. Figure 2 shows an elution diagram of the standard solutions of protoporphyrin and coproporphyrmn. The amounts injected into the column were 65 and 37 pg, respectively.
The retention time for coproporphyrin III was 9 mm (elution volume 9 mL) and for protoporphyrin IX 14 mm (elution volume 14 mL). The protoporphyrin solution was freshly prepared every day, but the coproporphyrin solution could be preserved for about two weeks. The protoporphyrin IX in this diagram elutes from the column later than mesoporphyrin IX, as shown in Figure   Coproporphyrin isomers I and III are not separated. The coproporphyrin shown in Figure 1 is isomer I and that in Figure 2 is isomer III; they have the same retention time, as confirmed by co-chromatography. The first compound eluted in all chromatograms, except in Figure 1 , is the internal standard, fluorescein, for which the retention time is 5 mm. Figure 3 shows an example of an elution chromatogram of erythrocyte porphyrins. Heme sometimes causes mild quenching in the fluorescence just before the coproporphyrin elutes, but on the basis of our recovery studies it does not influence the observed coproporphyrmn concentration.
A known amount of coproporphyrin was added to the sample, which 
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Protoporphyrln Coproporphyrln nmol/L cells was still slightly colored by heme, and it was found that the heme "quenching" did not lower the peak in the chromatogram. The significance of the two small peaks seen in Figure  3 just before and after the protoporphyrin peak is not yet known. Figure 4 shows standard curves for protoporphyrin and coproporphyrin.
A tendency to level off is obvious in the highest concentration area. Therefore, we routinely inject at least two different volumes of the samples to ensure that at least one will fall within the concentration range over which the standard curves are linear. The porphyrin contents were assayed from peak heights, but nonlinearity of the standard curve is also seen when the porphyrin contents are measured from enclosed areas.
Analytical recovery is about 98% for the protoporphyrmn and about 80% for the coproporphyrin (about 20% being lost during the extraction procedure) in this extraction and measurement system. The recovery is the same if coproporphyrin is added to blood instead of to buffer before the extraction procedure.
As was expected from the difference of the absorbance maxima for coproporphyrmn and protoporphyrmn, the wavelength of maximum sensitivity for coproporphyrin was also somewhat shorter than for protoporphyrin in the liquidchromatography detector. Also, the height ratios of coproporphyrin and protoporphyrin peaks changed with wavelength, being at 396 nm 0.77, at 400 nm 0.75, and at 404 nm 0 In addition, an analysis can be done reasonably easily and quickly. Furthermore, in some cases, disorders of heme synthesis lead to an accumulation of porphyrins with more than four carboxyl groups in erythrocytes, for which our method is equally useful if the washings with saturated sodium acetate obtained during the extraction procedure are processed further according to Rimington (19) .
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